Coronary artery disease in patients with hypertension is increasing worldwide and leads to severe cardiovascular complications. The cellular and molecular mechanisms that underlie this pathologic condition are not well understood. Experimental and clinical research indicates that immune cells and inflammation play a central role in the pathogenesis of cardiovascular diseases. Recently, it has been reported that CD4
CD25
؉ regulatory T cells (Tregs) regulate heart fibrosis in hypertension. In this study, we determined the role of Tregs in coronary arteriolar endothelial dysfunction in angiotensin II-dependent hypertensive mice. Mice infused with angiotensin II had significantly increased blood pressure, as determined using telemetry, and apoptotic Treg numbers, as measured using flow cytometry. The mice displayed inflammation, assessed by macrophage activation/infiltration into coronary arterioles and the heart, and increased local tumor necrosis factor-␣ release, which participates in reduced coronary arteriolar endothelial-dependent relaxation in response to acetylcholine using an arteriograph. Hypertensive mice injected with Tregs isolated from control mice had significantly reduced macrophage activation and infiltration, reduced tumor necrosis factor-␣ release, and improved coronary arteriolar endotheliumdependent relaxation. Our novel data indicate that Tregs are important in the development of coronary arteriolar endothelial dysfunction in hypertension.
These results suggest a new direction in the investigation of vascular disease in hypertension and could lead to a therapeutic strategy that involves immune system modulation using Tregs. Hypertension is still a major cause of morbidity and mortality in the world. Endothelial dysfunction is considered an early indicator of cardiovascular risk factors, such as hypercholesterolemia, diabetes mellitus, smoking, and hypertension. We and other investigators demonstrated endothelial dysfunction in mesenteric resistance arteries [1] [2] [3] [4] and coronary arterioles in hypertensive (HT) animal models 5 caused by a reduction in the relaxing factors nitric oxide, prostaglandin I 2 , and endothelial-derived hyperpolarizing factor. Recent evidence highlights the involvement of inflammation as a critical pathologic factor in cardiovascular diseases. 6 -8 In addition, an increasing body of data suggest that an imbalance in the immune system triggers inflammation, and this could represent an important and highly promising new direction for modifying cardiovascular pathophysiologic effects. 9 -12 Therefore, it is likely that microvascular endothelial dysfunction in hypertension could be the result of perturbation in the immune system and inflammation.
Regulatory T cells (Tregs), generally characterized by the expression of CD4, CD25, and Foxp3, develop in the thymus, identify specific self-antigen, and play a critical role in maintaining self-tolerance and protection from autoimmune diseases [13] [14] [15] [16] and in affecting immune responses to different pathogens. This leads to new insights into mechanisms of tolerance breakdown in human diseases, including those resulting from allergic, autoimmune, or infectious causes. 17, 18 Experimental studies and successful clinical trials advanced the concept that Tregs are important as a therapy for type 1 diabetes mellitus.
It has been shown that stimulation of lymphocytes by angiotensin II (Ang II) may contribute to the pathogenesis of hypertensive kidney disease, 19, 20 suggesting a critical role for the immune system in the pathogenesis of hypertension. A recent study indicates that Tregs play a key role in the regulation of arterial wall disease, especially atherosclerosis. Thus, increased Treg numbers have been shown to be powerful inhibitors of atherosclerosis in several mouse models. 12 Recently, it has been reported that T cells play an important role in the genesis of hypertension. 21, 22 Mice lacking T and B cells (Rag1 Ϫ/Ϫ mice) do not develop hypertension and abnormalities of vascular function during Ang II infusion. 21 Note that there are fundamental differences in function and structure between large and small arteries. 23 Recently, it has been reported that Tregs reverse hypertension-induced heart damage. 24 Thus, the overall goal of our study is to elucidate a new pathway for the pathogenesis of hypertension and coronary arteriolar endothelial dysfunction involving Tregs and inflammatory processes that are macrophage dependent.
Materials and Methods

Animals and Telemetry
All the protocols were approved by the Tulane University Health Sciences Center Animal Care and Use Committee. Mice (C57BL/6J, 8-week-old males) were purchased from The Jackson Laboratory (Bar Harbor, ME) and were maintained in a temperature-controlled room on a 12:12-hour light-dark cycle with free access to food (sodium ion content, 0.4%) and water.
Mice were subjected to isoflurane anesthesia, and a catheter connected to a radiotelemetry device was inserted into the left carotid artery to monitor blood pressure using telemetry in conscious, unrestrained mice (model PA-C10; Data Sciences International, St. Paul, MN). 25, 26 After a 5-day recovery phase, baseline mean arterial pressure levels were measured, and the animals were again subjected to general anesthesia for osmotic mini-pump implantation. Data were collected, stored, and analyzed using Dataquest A.R.T 4.0 software (Data Sciences International). Mice were infused with Ang II (400 ng/kg/min) through subcutaneous mini-osmotic pumps and then received, through i.p. injection, isolated and purified Tregs (200,000 cells) from control mice three times a week for 2 weeks. On day 14, the animals were given isoflurane, and the spleen, macrophages, and heart were collected.
Coronary Arteriolar Function
Septal arterioles (60 to 80 m in diameter) were isolated, and endothelial function was measured as previously described. 27, 28 Coronary arteriolar endothelium-dependent relaxation was investigated in sham mice Ϯ Tregs and in HT mice Ϯ Tregs or CD4 Ϫ T cells. Endotheliumdependent relaxation was also determined after the inhibition of endothelial nitric oxide synthase (eNOS) with 100 mol/L NG-nitro-L-arginine-methyl ester (L-NAME).
Isolated and Cultured Tregs
In Vivo Studies Six C57Bl/6 mice were sacrificed, and the spleens were isolated, dissected, and washed with cold and sterile PBS. The spleens were cut into small pieces and were strained using a 40-m cell strainer (BD Falcon, Fisher Scientific, Pittsburgh, PA). A single cell suspension from all the mice was prepared and then incubated with 0.85% ammonium chloride-Tris-hydrochloride buffer to destroy red blood cells. The cells were washed and then incubated for 30 minutes with antimouse CD4/L3T4 -fluorescein isothiocyanate, antimouse CD25/interleukin-2 (IL-2) receptor ␣-phosphatidylethanolamine and using rat IgG2b-phosphatidylethanolamine as a positive clone (all from Beckman Coulter Inc., Brea, CA). Treg-stained cells were washed with sterile PBS and were passed through a Becton Dickinson (Mountain View, CA) FACScan flow cytometer. Data were analyzed using Cell Quest software (Becton Dickinson). Suspensions of 200,000 Tregs from eight C57/Bl6 mice were injected three times into HT mice in the first week. In the second week, Tregs were isolated from another group of eight C57/Bl6 mice and then were injected into HT mice (three times a week).
In Vitro Studies
Tregs were isolated from cell suspensions of spleens from eight C57Bl/6 mice in two-step procedures. Briefly, CD4
ϩ T cells were pre-enriched by depletion of unwanted cells, and then CD25 ϩ cells were positively selected from the enriched CD4 ϩ T-cell fraction using a magnetic separation column fitted between a MACS magnet (Miltenyi Biotech, Sunnyvale, CA). The purity of CD4 ϩ CD25 ϩ Treg subsets was determined using a fluorescence-activated cell sorter (FACS) and was found to be greater than 96%. Six-well plates were precoated with anti-mCD3 (clone 2C11; R&D Systems, Minneapolis, MN), and the cells were grown in RPMI 1640 medium with 10% fetal bovine serum, 2 mmol/L glutamine, 10 mmol/L HEPES, 100 U/ml of penicillin, 100 g/ml of streptomycin (all from Gibco, Invitrogen, Carlsbad, CA), 50 g of 2-mercaptoethanol (Sigma-Aldrich, St. Louis, MO), and 10 ng/ml of human recombinant IL-2 (R&D Systems). Cells were starved overnight and then were treated for 24 hours with Ang II and Ang II ϩ candesartan (all from Sigma-Aldrich). The cells were then harvested and subjected to FACS analysis to determine the apoptotic number of Tregs. Apoptotic Treg levels were determined using antibodies against fluorochrome-labeled annexin V to detect exposed phosphatidylserine.
IL-10 Level Measurement
IL-10 measurement was determined in plasma from all groups according to the manufacturer's mouse cytokines (Bio-Plex Assay; Bio-Rad Laboratories, Hercules, CA).
Terminal Deoxynucleotidyl TransferaseMediated dUTP Nick-End Labeling Assay
Briefly, Tregs were stimulated with or without Ang II in the presence or absence of candesartan. DNA fragmentation was measured using the DeadEnd colorimetric apoptosis detection system according to the manufacturer's instructions (Promega Corp., Madison, WI).
Macrophages
Macrophages were isolated from the peritoneal cavity of mice using a syringe-gauge device and then were subjected to Western blot analysis.
Immunostaining
The staining protocol was performed using an Autostainer Plus (Dako, Carpenteria, CA). Immunostaining was performed as previously described. 27 The antibodies used were Foxp3-specific antibodies (a marker of Tregs) and CD68-specific antibodies (a marker of macrophages).
Western Blot Analysis
Western blot analysis was performed as previously described. 27, 29 Isolated coronary arterioles were sonicated and then subjected to centrifugation for 10 minutes (10,000 ϫ g). The supernatant was collected and subjected to a standard procedure for Western blot analysis. 
Statistical Analysis
Results are expressed as mean Ϯ SEM, where n is the number of arterial segments and cultured cells studied. The significance of the differences between groups was determined using one-repeated or two-factor analysis of variance, where appropriate. Differences were considered significant at P Ͻ 0.05.
Results
Eight-to 10-week-old male C57/bl6 mice were randomized into three groups: i) normotensive (sham) mice, ii) HT mice infused with HT doses of Ang II (400 ng/kg/min) for 2 weeks, and iii) HT mice injected with CD4 ϩ CD25 ϩ Tregs. To assess hypertension, blood pressure was measured using telemetry ( Figure 1 ). Animals infused with Ang II displayed elevated blood pressure compared with the sham group (n ϭ 5 to 7). Blood pressure was significantly reduced in mice receiving Ang II ϩ Tregs ( Figure 1 ).
To determine the reduction in the number of Tregs in hypertension, we counted isolated and purified Tregs from the spleens of sham and HT mice using flow cytometry. Our data showed a reduction in the number of Tregs apoptosis-dependent mechanism in HT compared with sham mice (Figure 2A ). The number of Tregs was similar in sham mice and in mice receiving Ang II ϩ Tregs (Figure 2A ). To expand our data, we isolated, purified, and cultured Tregs from the spleen of sham mice and then stimulated the cells with Ang II (100 nmol/L) for 24 hours. The results revealed an increase in apoptotic Tregs stimulated with Ang II compared with nonstimulated cells assessed using flow cytometry ( Figure 2B ). The increase in the number of apoptotic Tregs in response to Ang II was prevented when Tregs were pretreated with the AT-1 receptor antagonist (candesartan, 10 mol/L). Figure 2C illustrates the terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling assay and quantitative data for Tregs in response to Ang II with or without candesartan. The data revealed an increase in apoptotic Treg numbers in response to Ang II, which was normalized when the cells were pretreated with candesartan ( Figure 2C) . Figure 2D illustrates Foxp3 staining in green with 4-6-diamidino-2-phenylindole nuclear counterstaining in blue in the spleen from sham, HT, and HT ϩ Tregs animals. Foxp3 (a marker of Treg positive) staining was significantly reduced in the spleen from HT mice compared with sham mice. HT mice injected with Tregs had significantly enhanced Foxp3 staining compared with HT animals (Figure 2, D and E) . The staining was absent in the negative control, in which we used only secondary antibody, indicating the specificity of the staining for Foxp3 ( Figure 2D ). Figure 3A shows apoptotic Tregs in the spleen assessed by the ratio of active caspase-3 to Foxp3 expression. The data revealed an increase in apoptotic Treg numbers in HT mice, which was significantly reduced in sham mice and in HT mice injected with Tregs ( Figure 3A) . Secreted anti-inflammatory IL-10 from Tregs was measured in the plasma from all groups. The data To determine the involvement of macrophages, we isolated macrophages from sham, HT, and HT ϩ Tregs mice and then subjected them to Western blot analysis for adhesion molecule induction (ICAM-1 and VCAM-1). The data revealed an increase in ICAM-1 and VCAM-1 expression in macrophages from HT mice compared with sham and HT ϩ Tregs mice (Figure 4, A and B) . Immunostaining of the heart from sham, HT, and HT ϩ Tregs mice revealed an increase in macrophage infiltration into the coronary arterioles and the heart of HT mice compared with sham and HT ϩ Tregs mice ( Figure 4C) . A negative control (without primary antibody) was performed, and no staining was detected (data not shown). We measured tumor necrosis factor (TNF) ␣ in the heart using Western blot analysis, and the data revealed an increase in TNF-␣ in HT mice compared with sham and HT ϩ Tregs mice ( Figure 4D) . Expression of the chemokine receptor CCR5 in coronary arterioles was significantly increased in HT mice compared with sham and HT ϩ Tregs mice ( Figure 4E ).
Endothelial-dependent relaxation in response to acetylcholine was significantly reduced in coronary arterioles from HT mice compared with sham mice ( Figure 5A ). Inhibition of nitric oxide synthesis significantly reduced the relaxation response to acetylcholine in coronary arterioles from sham mice, and no effect on the response to acetylcholine was observed in HT mice ( Figure 5, A and  B) , indicating that the nitric oxide pathway is compromised in HT mice. To extend our hypothesis, we isolated, purified, and cultured Tregs from sham mice and then injected the cells into HT mice (200,000 cells three times a week for 2 weeks). Our data revealed a significant improvement in coronary arteriolar endothelial function ( Figure 5C ). The inhibition of eNOS significantly reduced endothelium-dependent relaxation in HT mice injected with Tregs ( Figure 5C ). As controls, shams were injected with Tregs, and no effect was observed on endotheliumdependent relaxation with or without eNOS inhibition ( Figure  5D ). Similarly, in HT mice, injection with CD4 Ϫ T cells did not affect endothelium-dependent relaxation with or without eNOS inhibition ( Figure 5E ). Phosphorylated eNOS was significantly reduced in coronary arterioles from HT mice compared with sham mice ( Figure 5D ). eNOS phosphorylation was normalized in coronary arterioles from HT mice injected with Tregs ( Figure 5D ). As a control, we infused HT mice with vehicle by i.p. injection, and this did not affect endothelial function (data not shown).
Discussion
The critical function of coronary arterioles is to supply nutrients and oxygen to myocardial tissue; these vessels also have a significant role in regulating coronary blood flow. Alterations in coronary arteriolar function are mainly responsible for heart disease in hypertension. In this study, we showed that hypertension and coronary arteriolar endothelial dysfunction are associated with increased apoptotic Treg numbers, a reduction in IL-10 content, and the induction of inflammation. The major finding of the present study is that transfer of Tregs to HT animals reduced blood pressure and improved coronary arteriolar endothelial function.
The Treg population is widely accepted as an important component of the immune system. Tregs have recently emerged as a key element in the maintenance of a normal peripheral immune system. These cells play an indispensable role in maintaining self-tolerance and protection from autoimmune diseases [13] [14] [15] [16] and in influencing the immune response to different pathogens. 17 It has been shown that lymphocytes stimulated by Ang II may contribute to the pathogenesis of HT kidney injury. 19, 20 These data indicate the involvement of the immune system in the regulation of blood pressure. A recent study indicated a critical role of Tregs in the inhibition of atherosclerosis in several mouse models. 12 Another recent study showed that a single injection of Tregs ameliorates hypertension-induced heart damage. 24 Hypertension is a "silent" condition and is a major cause of morbidity and mortality in the world. Microvascular dysfunction plays important roles in the pathogenesis of hypertension. The combination of systemic, local hemodynamic, and humoral factors is responsible for microvascular homeostasis. Despite the current knowledge of the association between hypertension and vascular complications, cellular and molecular mechanisms involved in altered coronary arteriolar endothelial function have yet to be determined. We and other investigators demonstrated a reduction in mesenteric resistance arterial [1] [2] [3] [4] and coronary arteriolar endothelial-dependent relaxation in HT animal models 5 resulting from the reduction in the relaxing factors nitric oxide, prostaglandin I 2 , and endothelial-derived hyperpolarizing factor. Evidence from human and animal models suggests a link between immune system and cardiovascular pathophysiologic conditions. 30, 31 Thus, it is likely that microvascular dysfunction could be the result of perturbation of the immune system combined with inflammation. Recent evidence suggests the involvement of inflammation as a critical pathologic factor in cardiovascular diseases.
In humans, it has been shown that coronary arteriolar dysfunction is related to smoking behavior, hyperlipidemia, diabetes mellitus, microvascular dysfunction, and hypertension. [32] [33] [34] Coronary arteriolar dysfunction predisposes to heart disease. Our study showed dysfunction of coronary arterioles in Ang II-dependent HT mice. Our data are in agreement with the concept that Tregs play a critical role in hypertension-induced tissue damage. The divergence between the two studies is related to the injection of Tregs. 24 In our case, we used injection three times per week for 2 weeks, and the previous study used a single injection for 2 weeks. 24 Vascular impairment was assessed by the reduction in endothelial-dependent relaxation in coronary arterioles in response to acetylcholine compared with the response in sham mice. The incubation of coronary arterioles with nitric oxide synthesis inhibitor (L-NAME) significantly reduced the relaxation of Ϫ5 mol/L) of acetylcholine in coronary arterioles from sham mice with or without L-NAME (100 mol/L) (n ϭ 6). *P Ͻ 0.05, sham versus sham ϩ L-NAME mice. B: Changes in diameter in response to dose response (10 Ϫ10 to 10 Ϫ5 mol/L) of acetylcholine in coronary arterioles from sham, HT, and HT ϩ L-NAME mice (n ϭ 6). *P Ͻ 0.05, sham versus HT mice. C: Changes in diameter in response to dose response (10 Ϫ10 to 10 Ϫ5 mol/L) of acetylcholine in coronary arterioles from sham, HT, and HT ϩ Tregs mice (n ϭ 6). *P Ͻ 0.05, sham versus HT ϩ Tregs mice; *P Ͻ 0.05, HT ϩ Tregs versus HT mice. D: Endothelium-dependent relaxation of coronary arterioles from sham mice with or without L-NAME injected with Tregs (n ϭ 6). *P Ͻ 0.05, sham/sham ϩ Tregs versus sham ϩ L-NAME or sham ϩ Tregs ϩ L-NAME mice. E: Endothelium-dependent relaxation of coronary arterioles from HT mice with or without L-NAME injected with CD4 Ϫ T cells (n ϭ 7). F: Western blot analysis and cumulative data of phosphorylated and total eNOS in coronary arterioles from sham, HT, and HT ϩ Tregs mice. ␤-Actin indicates the equal loading between samples (n ϭ 5). *P Ͻ 0.05, HT mice versus sham or HT ϩ Tregs mice.
coronary arterioles in response to dose response of acetylcholine in sham mice, and no effect was observed in coronary arterioles from HT mice. These data indicate that the eNOS pathway is compromised, which is in agreement with previous studies. 1, 32 The inhibition of eNOS significantly reduced endothelium-dependent relaxation in HT mice injected with Tregs, indicating the effect of Tregs on the eNOS pathway. As controls, shams were injected with Tregs, and no effect was observed on endothelium-dependent relaxation with or without eNOS inhibition. In addition, in HT mice, injection with CD4 Ϫ T cells did not affect endothelium-dependent relaxation with or without eNOS inhibition. These data indicate the specific effect of Tregs on endothelium-dependent relaxation through the eNOS pathway. To extend our data, we performed Western blot analysis on coronary arterioles from sham and HT mice. The data revealed a decrease in eNOS phosphorylation in coronary arterioles from HT mice compared with sham mice.
Our data showed that Ang II-dependent hypertension is associated with significantly reduced numbers of Tregs compared with sham. The reduction in Treg numbers was due to apoptosis as determined by FACS analysis. To extend our study, we performed Western blot analysis, and the data revealed that the ratio of Foxp3 to active caspase-3 was significantly reduced in the spleen from HT mice compared with sham and HT ϩ Tregs mice. These data provide evidence of an important association between the reduction in Treg numbers and the impairment of coronary arteriolar endothelial function in Ang II-dependent hypertension. To extend our study, we isolated, purified, and cultured Tregs from sham animals and then stimulated the cells with Ang II for 24 hours. Cultured Tregs stimulated with Ang II for 24 hours displayed significantly increased apoptotic Treg numbers as assessed by FACS analysis. The increased apoptotic Treg numbers in response to Ang II stimulation were significantly reduced when Tregs were pretreated with candesartan. These data suggest that increased apoptotic Treg numbers in hypertension could be the trigger for the onset of hypertension and vascular complications. To determine the link between the reduction in the number of Tregs and hypertension and coronary arteriolar endothelial dysfunction, we injected HT mice with Tregs isolated from sham animals. Mice receiving Ang II ϩ Tregs displayed a significant reduction in blood pressure (not reaching the control level) and an improvement in coronary arteriolar endothelial function. These data are not in agreement with those of a previous study showing the involvement of T cells in blood pressure regulation and aorta smooth muscle function in Rag1 Ϫ/Ϫ mice. 21 These divergence results could be related to the animal model used because Rag1 Ϫ/Ϫ mice are susceptible to type 1 diabetes mellitus, loss of weight, and compromised physiologic function related to T and B cells. On the other hand, our data are in agreement with the concept that cardiovascular injury is linked to Tregs. Thus, the single injection of Tregs reduces hypertension-induced cardiac damage independently of the blood pressure-lowering effect. 24 One explanation regarding discrepancies in blood pressure would be the fact that mice received Tregs three times a weeks for 2 weeks rather than a single injection.
To further delineate the mechanism of how a reduction in Treg numbers triggers coronary arteriolar endothelial dysfunction in hypertension, we examined the role of inflammation. Recent studies reported that inflammation is critical in the pathogenesis of cardiovascular diseases. 6, 8 Thus, in our study, we suggested that the reduction in IL-10 release is associated with increased macrophage activity assessed by the up-regulation of adhesion molecule (ICAM-1 and VCAM-1) expression in HT animals. HT mice injected with Tregs displayed significantly increased IL-10 content associated with the reduction in ICAM-1 and VCAM-1 expression on macrophages. We also found that coronary arterioles from HT mice display an increase in ICAM-1 and VCAM-1 expression, which facilitates macrophage infiltration into coronary arterioles and the heart. It has been reported that chemokine receptors are also important in the infiltration of macrophages. 35 In this study, we found an increase in the expression of CCR5 in coronary arterioles from HT mice compared with sham and HT ϩ Tregs mice. These data indicate that macrophage infiltration into coronary arterioles and the heart could be facilitated by the increase in CCR5 expression in hypertension.
We also found a large number of infiltrated macrophages associated with increased levels of TNF-␣ in the heart of HT mice compared with sham mice. HT mice infused with purified Tregs display significant reductions in macrophage activity and infiltration and TNF-␣ levels compared with HT mice. These data indicate that the reduction in Treg numbers leads to inflammation, which, in turn, is responsible for endothelium-dependent relaxation dysfunction and sustained hypertension. It is wellknown that an increased TNF-␣ level contributes to endothelial dysfunction. 36 TNF-␣ knockout mice infused with Ang II do not develop high blood pressure, indicating the critical role of TNF-␣ in the regulation of blood pressure. 37 It is well-known that Ang II has a broad effect on different organs, such as the heart, kidneys, brain, and vasculature, to develop blood pressure. Based on our data, Tregs significantly participate in the effect of Ang II on coronary function and blood pressure, but still we do not know the in vivo link between Ang II effects, Tregs, and other organs for the development of blood pressure.
In conclusion, we showed that the Treg population, termed natural regulatory cells and known to be crucial in the maintenance of peripheral tolerance, has an important role in coronary arteriolar endothelial dysfunction and hypertension. These results identify a new target for the modulation of hypertension and coronary arteriolar dysfunction and may provide new insight into potential mechanisms relating autoimmune and coronary arteriolar disease and hypertension.
